Abstract The cerebellum is organized into a map of zones that is manifested in various ways according to gene expression, anatomical connectivity, neuronal firing properties, behavioral specificity, and susceptibility to disease. At the center of every zone is the Purkinje cell, the principal cell type of the cerebellum and sole output of the cerebellar cortex. During development, Purkinje cells are thought to coordinate the zonal patterning of all other cell types. However, the morphogenetic mechanism that mediates the interaction between Purkinje cells and afferent fibers remains unclear. To address this problem in vivo, I took advantage of a rapid fluorescentbased transynaptic tracing approach to determine the nature of mossy fiber to Purkinje cell connectivity during early postnatal development, a period when the afferent map is assembling into clear-cut zonal circuits. By injecting WGA-Alexa 555 into the lower thoracic-upper lumber spinal cord, I found that spinocerebellar mossy fibers transynaptically transfer tracer into zones of Purkinje cells that are directly adjacent to the fibers. The traced Purkinje cell zones formed a zebrin-like pattern that was defined by the expression of neurofilament heavy chain (NFH), a marker of zones in the postnatal developing cerebellum. These results suggest that Purkinje cells generate the zonal circuit map by using molecular cues, neuronal activity, and synaptic contact.
Introduction
Several developmental stages cooperate to generate the mature pattern of cerebellar zones [1] . One of the first stages of forming zones is dependent on the timing of Purkinje cell birth; this occurs between ∼embryonic days 10 and 13 in mouse. Different clusters of Purkinje cells are born on each day [2, 3] . During the next stage, the clusters acquire specific molecular properties that are under the control of at least two families of transcription factors: the atypical helix-loop-helix transcription factor early B-cell factor 2 (EBF2) and the homeodomain transcription factors Engrailed1 and 2 (EN1/ 2). EBF2 directs the fate of clusters towards a zebrinIIpositive versus zebrinII-negative lineage [4] , whereas EN1/2 control the anterior-posterior and medial-lateral positioning of marker expression in each cluster [1, 5] . Purkinje cell marker expression is temporally regulated as early markers demarcate embryonic clusters [6, 7] , late markers define adult zones [8] , and constitutively expressed markers link the clusters and zones [1, 9, 10] . The zones are then refined into precise functional circuit modules by neuronal activity [11] .
A critical function of this coordinated program of Purkinje cell patterning is to establish the rest of the cerebellar circuit. This is reflected in the organization of mossy fiber and climbing fiber afferents, which assemble into a zonal plan that is identical to the Purkinje cell map [12, 13] . For mossy fibers, we previously showed that the process is both genetically determined [14] and refined by activity [11] . However, the morphogenetic mechanism that guides mossy fiber patterning is still unclear. Part of the hurdle in solving this problem is that mossy fiber development is very dynamic. They initially contact Purkinje cells and then switch postnatally to make synaptic contacts with their adult targets, granule cells [15] . Here, I used a transynaptic tracing approach to better understand the stage when mossy fibers interact with Purkinje cells.
Materials and Methods

Animal Maintenance
Mouse husbandry and experiments were performed under an approved Institutional Animal Care and Use Committee (IACUC) protocol at Baylor College of Medicine. Male and female Swiss Webster mice were obtained from Taconic (Hudson, NY, USA) and a colony established and maintained in house. Noon on the day a vaginal plug was detected was considered embryonic day (E) 0.5. The day of birth was designated as postnatal day (P) 0.
Neural Tracing
Anterograde tracing was performed according to previous protocols [16] . Approximately 250 nl of a 2 % solution of wheat germ agglutinin (WGA) conjugated to Alexa Fluor 555 (Cat. #W32464, Invitrogen, Carlsbad, CA) was pressure injected over 5 min into the lower thoracic-upper lumbar spinal cord of P4 mice. After a 24-h survival period, the mice were anesthetized with avertin (2, 2, 2-tribromoethanol), the blood flushed with 0.1 M phosphate-buffered saline (PBS; pH 7.2), and then perfused with 4 % paraformaldehyde (PFA). The WGA-Alexa 555 traced tissue was cut and mounted for imaging using a Zeiss Apotome.2 acquisition system (see below) or counterstained by immunohistochemistry and then imaged.
Analysis of Traced Tissue
The parasagittal pattern of WGA-labeled mossy fibers is remarkably consistent from animal to animal [11, 16] . I restricted the injection locus to within one to two vertebral segments and delivered the same volume of tracer into each animal; these measures together ensure that a consistent pool of spinal neurons is marked. The 250-nl injections performed in this study are considered relatively large, and therefore, the tracer is taken up by neurons across the medial-lateral extent of the injected spinal segment. This strategy ensures that the major spinal sources to the cerebellum, for example, Clarke's column, are properly labeled. Note that changing the volume and timing allowed for tracing changes the robustness of axon and terminal labeling within each zone, but these modifications do not affect the number and pattern of zones that are revealed [16] . I examined the spinocerebellar mossy fibers only in the vermis because their terminals are heavily restricted to the medial cerebellum in both developing and adult mice [16] .
Immunohistochemistry
Immunohistochemistry was carried out as described previously [11, 14, 16] . We used an anti-SMI-32 primary antibody (1:1500; Covance, Princeton, NJ,) to reveal Purkinje cell zones. See White and Sillitoe [17] for details about the neurofilament heavy chain (NFH) staining pattern.
Imaging and Data Analysis
Photomicrographs of tissue sections were captured with a Zeiss AxioCam MRc5 camera mounted on a Zeiss Axio Imager.M2 microscope. Images of tissue sections were acquired with the Zeiss Apotome.2 system and analyzed using Zeiss ZEN software (2012 edition). After imaging, the raw data was imported into Adobe Photoshop CS5 and corrected for brightness and contrast levels. Schematics were drawn in Adobe Illustrator CS5.
Results
The spinocerebellar map first shows an obvious pattern of parasagittal zones between ∼P4 and P5 in mouse [14] . Therefore, to better understand the nature of the mossy fiber to Purkinje cell interaction, I injected WGA-Alexa 555 into the lower-thoracic upper-lumbar spinal cord of P4 mice and then examined the cerebellum 1 day later at P5 (n>15 mice; Fig. 1a) . I followed the labeled afferents into the cerebellum where they terminated into zones. The pattern of labeled zones was consistent across all animals examined. Remarkably, the afferent zones were associated with clusters of WGA-Alexa 555-labeled neuronal somata (Fig. 1b) . This result suggested that the tracer traveled transynaptically, but only into neurons that were in close proximity to the labeled afferents (Fig. 1b) . To test if the labeled neurons reflected the known zonal organization of the cerebellum and to determine whether they were Purkinje cells, I co-labeled the tissue with NFH, a marker of postnatal Purkinje cell zones [17] . NFH expression revealed a pattern of zones that was complementary to a subset of traced Purkinje cells (Fig. 1c, d ). Some traced neurons were immunoreactive for NFH (Fig. 1e) . The zonal pattern of NFH within clusters of Purkinje cells [17] and the spinocerebellar mossy fiber domains [16] are both refined during postnatal development-at later stages, the projections that overlap with NFH are likely partially pruned away when zonal boundaries sharpen. Therefore, the transynaptic transfer of WGA-Alexa 555 not only reveals how the postnatal circuitry is initially organized but it also suggests a coordinated sculpting of pre-and postsynaptic components during cerebellar wiring. Of specific interest is WGA-Alexa 488, which was recently reported to undergo retrograde transynaptic transport [18] . Here, I demonstrate that a closely related tracer, WGA-Alexa 555, exhibits anterograde transynaptic transport. The main finding of this study may be integrated into a model for how cerebellar mossy fiber topography might develop. Initially, afferents invade the cerebellum using a process that is guided by molecular cues. Such cues may also mediate a matching mechanism that links afferents with a crude map of Purkinje cell zones [12] . Genetic experiments show that blocking transcription factor function alters Purkinje cell and afferent maps in a predictable manner [14] . During this period, the mossy fibers make transient physical contacts with Purkinje cells [15] , and here I show that these contacts are restricted to zones (Fig. 1) . Importantly, impulses can be transmitted across these transient direct mossy fiber contacts to elicit simple spikes in the connected Purkinje cells [19] . This is critical because cerebellar cortical activity is required for fine-tuning the afferent map into precise zones [20] , and we recently showed that Purkinje cell GABAergic neurotransmission is particularly crucial for the process of zone refinement [11] . Loss of Purkinje cell neurotransmission and its effects on zonal wiring and circuit firing resulted in ataxia and disequilibrium [11] . I therefore raise the intriguing possibility that transient zonal connections might have a long-term impact on the function and dysfunction of the cerebellum.
